Spelling difficulties often occur in children with Developmental Language Disorder (DLD), the extent and drivers of these difficulties are underspecified. Meta-analyses were conducted to address this gap.
contained more than one set of such data. It was also at this stage that missing data were identified and 21 studies were further excluded. This data extraction yielded a total of 64 research findings from 32 studies. Appendix B summarizes the characteristics of each of the studies retained for analysis.
Coding of the data. The research findings were further coded for the language of study, the type of spelling task (Word Dictation -WD-or Text Production -TP), the age of participants in the DLD group, the matching measure for the control group (age, language level), and individual characteristics of the groups (presence or absence of phonological impairment -PI -or reading impairment -RI). Details are provided in Appendix C.
Quality appraisal. The data extraction grid also comprised a quality appraisal section, based on the Critical Appraisal Skills Programme Checklist for cohort studies (Critical Appraisal Skills Programme, 2013) . The appraisal assessed the relevance of the methods for the research questions (including type of task, items spelled and scoring used). Potential biases such as recruitment (including target setting, screening procedure for determining DLD group inclusionif any) and matching biases (age-matching, ability-matching, from same setting or not) (Gough et al., 2012) were also examined. The quality appraisal grid and study specifications/limitations can be found in Appendix D.
Computation of the effect sizes. Standardized mean differences and their variance were calculated for each instance where a spelling score was reported for children with DLD and a control group, using the formulae for Hedges' g (see Borenstein et al., 2009, pp.27-28; Lipsey & Wilson, 2001) , including a correction for small sample size (Borenstein et al., 2009; Lipsey & Wilson, 2001 ). In the current meta-analysis, the mean of the group with DLD was always subtracted to the mean of the TD group, resulting in negative g-values. g-values furthest from zero indicated the largest group differences. For consistency in the meta-analysis, when scores were expressed in number of errors rather than number of correct responses, the mean scores were inverted (e.g. M = 1 becoming M = -1), as recommended by Lipsey and Wilson (2001) .
Data analysis
The data were analysed using the metafor package (Viechtbauer, 2010) for R (R Core Team, 2017) . The analysis consisted of a series of individual meta-analyses to address the research questions, as detailed below.
Developmental patterns.
To measure the magnitude of the effect of DLD on spelling performance, results from studies comparing the spelling of children with DLD and age-matched TD peers were computed. When a study reported the results of more than one group of children with DLD (e.g. DLD+RI and DLDnoRI), their mean scores were combined to be compared to the TD group (see Borenstein et al., 2009, pp.221-222) . Similarly, when studies reported both (see Borenstein et al., 2009, pp.227-228) . The resulting effect sizes were entered into a randomeffects model. The moderating effects of age and language were then explored using two metaregressions: one with age as a moderator, and one with language as a moderator. Secondly, in an attempt to identify task-related variability, a subgroup analysis was conducted. Overall effect sizes were computed separately for the studies assessing spelling on word dictation and those assessing spelling on text production. The effect sizes obtained were compared using a Z-test, as described in Borenstein et al. (2009, p.168) .
We further assessed differences in spelling scores between children with DLD and younger TD children matched on language. A random-effects model was applied to these five studies. All the studies in this sample assessed children's spelling in English, and all children with DLD were aged 9-10, so it was not possible to examine effects of language or age. In a second step, a summary effect size was computed separately for the two studies assessing children's spelling in WD and for the three studies assessing children's spelling in TP. These summary effect sizes were compared using a Z-test, to assess the effect of the task on difference in performance.
Co-occurring difficulties.
To address our second research we first examined the impact of phonological impairment and, in separate analyses the impact of reading difficulties. For both analyses, age and language were considered as potential moderators of the effects. Where studies assessed both TP and WD, they were initially combined and subsequently examined separately to ascertain task effects.
For phonological difficulties, the spelling performance of children with an isolated phonological impairment (PInoDLD) and their age-matched TD peers was compared. Effect size estimates for studies comparing the spelling performance of children with phonological and other linguistic difficulties (DLD+PI) to those of children with PInoDLD was computed.
For reading difficulties, the spelling performance of children with an isolated DLD and no reading difficulties (DLDnoRI) and their age-matched TD peers was computed followed by analyses comparing the spelling performance of children with both DLD and reading difficulties (DLD+RI) and children with DLDnoRI. (2001), a definition of independence of results based on the population sample was chosen. Research findings were considered independent as long as two different experimental groups were assessed, within the same study or across studies. When necessary, a "shifting unit of analysis" approach (Borenstein et al., 2009) was used in order to manage dependence between research findings, whereby research findings were grouped by research questions, as described in the analysis section above.
Management of dependence. Following Lipsey and Wilson
Quantification and management of heterogeneity. Heterogeneity is the presence of variation in effect sizes in a sample of studies. Following Higgins (2008), I 2 was used as an indicator of heterogeneity, in addition to the Q statistic, its p-value, and tau-squared. It is expressed in percentage of total variability attributable to heterogeneity. Indicative I² values of 25%, 50% and 75% were used to benchmark the studies' heterogeneity as low, moderate or high (Higgins, Thompson, Deeks, & Altman, 2003) .
Choice of a meta-analysis model.
A random-effects model with a DerSimonian-Laird estimator was chosen for all analyses, with the assumption that the effect tested across studies was not unique. When data were available we examined the effect of age or language in the model, using a meta-regression. When possible, studies were also grouped by task and summary effects were compared between tasks using a Z-test by using separate estimates of the dependent results across tasks were computed separately.
Outliers, small study size, and publication bias. For all analyses presented, a sensitivity analysis was conducted to examine the impact of potential outliers on the effect size estimates and heterogeneity using the "leav1out" function of the metafor package (Viechtbauer, 2010) .
Each study was removed from the model and the model was applied to all other studies. This was done iteratively for all studies in the model. We also accounted for publication bias in the analysis when possible. Specifically, when the meta-analysis involved more than five studies, small-study effects were checked using funnel plots with an Egger's test for plot asymmetry (see Rothstein, Sutton and Borenstein, 2005, pp.75, 90-91) . Each study's effect size was plotted against their standard error. The "funnel" and "regtest" functions of the metafor package were used (Viechtbauer, 2010) . When funnel plots and Egger's test suggested asymmetry, effect size estimates were adjusted using the PEESE selection methods correction described by Carter, Schönbrodt, Gervais and Hilgard (pre-print). This correction model was chosen for its performance in meta-analyses with statistically-significant results and high between-study heterogeneity.
Results

Spelling difficulties in DLD and the impact of age, language and task
Thirty-one research findings (two studies combine due to same sample) were included to examine the magnitude of the effect of DLD on spelling performance (see table 1 in supplemental material). The random-effects model yielded a significant (p < .0001) and large effect size in favor of the TD group (g = -1.42, 95%CI [-1.60, -1.24]). Figure 2 presents the effect sizes and summary estimate of the model comparing the spelling scores of children with DLD and age-matched TD children across tasks and subgroups.
Please insert figure 2
However, heterogeneity was large (I² = 66.27%, Q(30) = 88.94, p < .0001), indicating unidentified sources of variability. Neither age (Qmod(1) = .21, p = .65,  = -.01, I²res = 66.18%) nor language (Qmod(5) = 7.98, p = .16,  = [-.99; .53] 1 , I 2 res = 65.24%) accounted for a significant amount of heterogeneity. Analysis by language revealed very large and significant effect sizes across all languages except Russian, where only one study was found: Dutch (g = -1.20, 95% CI [-1.76, -.63], p < .0001), English (g = -1.41, 95% CI [-1.62, -1.20, p < .0001]), French (g = -1.40, 95% CI [-2.16, -.65], p < .0001), Italian (g = -2.40, 95% CI [-3.19, -1.61], p < .0001), Spanish (g = -1.56, 95% CI [-2.54, -.58], p < .001) and Russian (g = -0.87, 95% CI [-1.40, -.33]). Following the sensitivity analysis, the effect sizes (g = -1.39 to g = -1.45) and heterogeneity (I² = 51.10 to I² = 67.39) remained large and significant. No research finding had significant impact on the result.
Visual inspection of the funnel plots and Egger's test indicated no asymmetry for smaller studies (z = -1.78, p = .07). Funnel plots are presented in supplemental material, as well as all graphical representations for the subsequent sub-analyses.
Effect of task. In this analysis 36 research findings were used, 26 in WD and 10 in TP (see table 2 in supplemental material). Summary estimates for WD and TP were not significantly different (Zdiff = -.82, 95% CI [-1,29, .53], p = .41). For studies assessing spelling with a WD task, the random-effects model yielded a significant (p < .0001) and large effect size in favor of 1 Given the anglocentricity of the sample, English was always defined as the constant/intercept (g = -1.41 [-1.61; -1.20] , p < .0001). -values ranged from -.99 for Italian ([-1.81; -0.18 ], z = -2.38, p = .02) to .53 for Russian ([-0.41; 1.49] , z = 1.12, p = .26), with -values of -.15 for Spanish ([-1.16; 0.85] , z = -.30, p = .76), .004
for French ([-0.78; 0.79] , z = .01, p = .99) and .21 for Dutch ([-0.39; 0.81] , z = .69, p = .49).
the TD group (g = -1.53, 95% CI [-1.75, -1.32]). Heterogeneity of the sample was large (I² = 72.90%) and the test for heterogeneity was significant (Q(25) = 92.25, p < .0001). For studies assessing spelling in a text production task, there was also a significant (p < .001) and large effect size in favor of the TD group (g = -1.15, 95% CI [-1.36, -.95] ). In this case heterogeneity was small (I² = 0%) and the test for heterogeneity was not significant (Q(9) = 5.42, p = .80).
Across tasks, children with DLD experienced significant difficulties with spelling. Age and language were not significant moderators of the effect sizes observed for WD (Qmod-age (1) = .97,  = -.04, p = .32 and Qmod-lang(4) = 6.77,  = [-.85; .68] 2 , p = .15) or TP (Qmod-age(1) = .76,  = .04, p = .38 and Qmod-lang(2) = 2.24,  = [-.48; -.19] 3 , p = .32). The sensitivity analysis demonstrated that no research finding significantly affected the significance and size of the effect and the heterogeneity of the sample (WD effect size range g = -1.46 to g = -1.58, heterogeneity range I² = 62.86% to I² = 73.93%; TP effect size range g = -1.11 to g = -1.21, heterogeneity I² = 0%). Visual examinations of funnel plots and Egger's tests showed no asymmetry for TP (z = .41, p = .68). However, there was asymmetry in WD (z = -2.40, p = .02). After applying the PEESE correction for publication bias, effect sizes remained significant (p < .001) and large overall (g = -1.08, 95% CI [-1.49; -.067]).
Spelling performance differences in DLD children and language-matched controls
Four research findings were computed from studies comparing the spelling performance of children with DLD and younger language matched peers (see table 3 in supplemental 2 With English as the intercept (g = -1.55 [-1.80; -1.30] , p < .0001), -values ranged from -.85 in Italian 0.04], p = .06) to .68 in Russian, 1.74], z = 1.27, p = .20) with .01 for French ([-0.84; 0.88] , z = .04, p = .97) and .35 for Dutch ([-0.32; 1.02] , z = 1.06, p = .30). 3 With English as the intercept (g = -1.07 [-1.31; -.84] , z = -8.94, p < .0001), -values were -.48 in Spanish 0.18], 0.38] , z = -.66, p = -1.42). material). The random-effects model was not significant (p = .27) and the effect size very small (g = -.20, 95% CI [-.54, .15] ). Children with DLD performed at a level similar to their languagematched peers. The heterogeneity was moderate (I² = 37.88%) and the test for heterogeneity was not significant (Q(3) = 4.83, p = .18). No further analyses were computed as all studies were in English and sampled the same age range (9 to 11). In order to assess task effects, difference in scores for the two research findings assessing children in WD and for the four studies assessing children in TP were computed separately (see table 4 in supplemental material). There was no significant difference (Zdiff = -.23, 95% CI [-1.73, 1.35], p = .82) in the summary effect sizes estimated separately for WD (g = -.24, 95% CI [-1.02, .55]) or TP (g = -.06, 95% CI [-.47, .36] ). Separate summary estimates were not significant (WD p = .55, TP p = .78), confirming that across tasks, children with DLD were commensurate with language-matched peers in spelling.
The impact of the phonological impairment
To assess the unique impact of phonological difficulties on spelling performance, we computed results from four studies comparing children with an isolated phonological impairment and their age-matched peers (see table 5 in supplemental material). The random-effects model yielded a significant (p < .001) and moderate effect size (g = -.61, 95% CI [-1.18, -.16] ). TD children had significantly higher spelling scores than children with an isolated PI and no difficulties in other language domains. The heterogeneity in this sample was moderate (I² = 48.88%), and the test for heterogeneity was not significant (Q(3) = 5.87, p = .12. When entered into the meta-regression, neither age (Qmod(1) = .49,  = -.07, p = .48, I 2 res = 60.44%) nor language (Qmod(1) = .94, gEnglish = -.46, Italian = -.69, p = .33, I 2 res = 53.27%) accounted for a significant amount of heterogeneity.
To assess potential task effects, the only study assessing children in TP was removed and a random-effects model was applied to the remaining research findings. Results were consistent to those obtained when including the TP finding. The summary effect size was still significant (p < .001) and moderate (g = -.74, 95% CI [-1.30, -.19] ). Heterogeneity was slightly reduced (from I² = 48.88% to I² = 46.57%) and the test for heterogeneity was still not significant (Q(3) = 5.62, p = .13). When entered into the meta-regression, age (Qmod(1) = .36,  = -.06, p = .55, I²res = 60.34%) and language (Qmod(1) = .52, gEnglish = -.61, Italian = -.54, p = .47 I²res = 58.22%) did not account for any significant amount of heterogeneity.
The impact of an isolated phonological impairment (PInoDLD) was contrasted to children with DLD who also experienced a phonological impairment (DLD+PI) (see table 6 in supplemental material). The random-effects model yielded a significant (p < .01) and large effect size estimate (g = -1.18, 95%CI [-1.81, -.54]). The heterogeneity in the studies' effect sizes was moderate (I² = 51.71%) and the test for heterogeneity was not significant (Q(3) = 6.21, p = .10).
Children with DLD+PI performed significantly worse on spelling tasks than children with PI alone. The tests for the moderators age (Qmod(1) = .02,  = .02) and language (Qmod(1) = .04, gEnglish = -1.25, Italian = .18) were not significant (p = .90 and p = .84 respectively) and the addition of these moderators in the models increased heterogeneity by 16% in both cases.
To assess potential task effects, the only study assessing children in TP was further removed and a random-effects model was applied to the remaining four effect sizes. The model was consistent with the results including the TP finding. The summary effect size was significant (p < .0001) and large (g = -1.14, 95% CI [-1.80, -.49] ). Heterogeneity was increased (from I² = 51.71% to I² = 54.37%) although the test for heterogeneity was still not significant (Q(3) = 6.58, p = .09). When entered into the meta-regression, age (Qmod(1) = .01,  = .01, p = .92, I²res = [Spelling performance in children with DLD: A meta-analysis] 20 69.48%) and language (Qmod(1) = .02, gEnglish = -1.21, Italian = .14, p = .88, I²res = 69.55%) did not account for significant heterogeneity.
The impact of co-occurring reading difficulties
Five studies using WD compared performance between children with DLD and no reading difficulties with CA matched peers (see table 7 in supplemental material). The randomeffects model was significant (p < .001) with a moderate effect size estimate (g = -.65, 95% CI [-1.13, .16 ]), in favor of age-matched TD controls. However, heterogeneity in the sample was very high (I² = 76.58%, Q(4) = 17.08, p = .002). Neither age (Qmod(1) = 1.78,  = -0.32, p = .18, I²res = 73.40%), nor language (Qmod (1) 
The impact of reading impairment on the spelling performance of children with DLD
In the final analysis, the performance of children with a reading impairment and DLD was compared to children with a DLD but no reading impairment in five research findings using WD (see table 8 in supplemental material). The random-effects model was significant (p < .001) with a large summary estimate (g = -1.72, 95% CI [-2.28, -1.16]). Children with an isolated language disorder (but no reading impairment) performed significantly better than their peers with reading and language disorder on WD. The heterogeneity of the studies sample was large (I² = 72.48%, Q(4) = 14.54, p < .01). Neither age (Qmod(1) = 2.90,  = -0.49, p = .08, I 2 res = the spelling performance of children with DLD, and then consider other potential sources of variations.
Our results suggest that phonological difficulties alone are sufficient to account for differences in spelling scores as compared to age-matched TD peers, in children as young as eight years old (English speakers) and as old as 16 years-old (Italian speakers). Thus, independent of age and orthographic transparency, children rely heavily on phonological skills to spell words in dictation. This is consistent with previous regression analysis conducted with children in grades 2-7, across French, English, German, Hungarian and Finnish languages (Moll et al., 2014) . It is also consistent with the hypothesis that phonological recoding allows for the formation of accurate orthographic representations and later spelling performance (Shahar-Yames & Share, 2008) . Isolated phonological difficulties are enough to drive spelling difficulties but as the results show, more pervasive language difficulties increase severity. Spelling involves representing sounds in words, but also the words themselves and links between words (Apel & Masterson, 2001; Treiman, 2017) .
Our results also indicate the unique role of language skills in spelling. In the studies where the reading performance of children with DLD was assessed, children without reading difficulties, but with DLD still experienced difficulties with spelling as compared the agematched TD peers. Decoding skills may not be enough to form accurate orthographic representations (Angellelli, Marinelli, & Zoccolotti, 2010) . Whether these difficulties are driven only by phonological difficulties visible in spelling performance (e.g. Brizzolara et al., 2011; Stothard et al., 1998) or by different profiles of language difficulties remains unclear. Further studies with a differentiated profile of language and reading difficulties and a qualitative account of spelling errors could address this empirically.
Nonetheless, the addition of reading difficulties to the profiles of children with DLD had a significant impact on their spelling scores, as compared to those of children with DLDnoRI.
This confirms previous evidence of high correlations between reading and spelling skills (Dockrell et al., 2009; Vandewalle et al., 2012; Wolter et al., 2011) and suggests that poor reading further compromises the development of spelling abilities (Swanson et al., 2003; Zutell & Rasinski, 1989) . Again, whether poor reading skills act as a proxy of poor phonological representations or as a driver for the formation of inaccurate orthographic representation remains unanswered. Experimental or intervention data may help address these questions (Angellelli et al., 2010) .
Clinical thresholds, number and type of tasks used for language assessment, screening of the whole population or of a particular sample, non-verbal abilities and co-morbid disorders and age of the child at the time of language assessment are all paramount in defining what kind of language difficulties children are likely to experience. Different profiles of language difficulties may have consequences on the types of difficulties children experience in other literacy domains.
For example, there is evidence of the differentiated roles of vocabulary and phonology in reading comprehension and written text generation on the one hand, and in word decoding and word spelling on the other hand (Dockrell & Connelly, 2015; Muter, Hulme, Snowling & Stevenson, 2004; Nation, Cocksey, Taylor & Bishop, 2010) . All of these factors varied widely in the sample of studies that we analyzed. While representative of the DLD literature (Bishop et al., 2016) , these variations raise challenges for establishing the links between specific oral language difficulties and spelling across development, and as such, developing explanatory models.
Similarly, measurement differences may appear because of differences in how spelling was assessed across studies, beyond the dichotomy between word dictation and text production that we used in our analyses. Heterogeneity was particularly high in the WD sample, reflecting variations in the choice of words children were given to spell (regular or irregular words, shorter [Spelling performance in children with DLD: A meta-analysis] 26 or longer words), time constraints (with or without a time limit), and the context of presentation of the word material (in isolation or in sentence context). In spelling as in reading, different processes are assessed with different sets of words. Examining the spelling of irregular words may be particularly appropriate when it comes to assessing whole orthographic representations, whereas spelling regular words, pseudo words, or morphologically-complex words might allow for the assessment of sound-and meaning-to-letter correspondences and rules (Kohnen, Nickels, & Castles, 2009) . The presence of homophones or morphologically-inflected words in the word sample, as in most contextualized spelling lists, might also call on a wider range of languagerelated skills (Apel & Masterson, 2001) . Lack of details of the word lists in some of the studies did not allow us to differentiate these factors systematically. Appendix B captures these methodological differences and provides a description of the spelling task and of the recruitment criteria, as reported in each study. By contrast, text production tasks likely reflect the words participants felt confident to spell, thereby reducing heterogeneity in the results. However direct comparisons across tasks are missing and the number of studies using TP are small. Surprisingly, our results did not reproduce the task differences observed in the individual studies by Broc et al. (2013) , on the spelling of children with DLD, and by Sumner (2013) on the spelling performance of children with dyslexia. This result should be interpreted cautiously given the heterogeneity of word dictation tasks discussed above. More systematic comparisons of these two tasks, with comparable sets of words and measures of spelling errors are needed to elucidate which task may be more appropriate to assess both functional aspects and specific processes in the spelling performance of children with DLD.
We also hypothesized that orthographic characteristics of languages would play a role in the spelling performance of children with DLD, with larger effect sizes in less consistent languages such as French and English, and smaller effect sizes in more consistent languages such as Italian or Spanish. This hypothesis was made on the basis of current evidence on the slower rates of reading (Seymour et al., 2008) and spelling development (Wimmer & Landerl, 1997) in less consistent languages such as English. However, no differences between languages were found. The Anglocentricity (Share, 2008) of our sample may skew the results. Twenty-two of the 31 included studies assessed English spelling, compared to nine in other languages. Previous results from Marinelli et al. (2015) suggest that spelling accuracy, but not reading accuracy, is moderated by orthographic consistency. They compared the spelling performance of English and Italian children in 2 nd and 5 th grade on a set of words controlled for regularity, frequency and length. To our knowledge, this study is the only direct evidence of an effect of orthographic consistency on typical spelling performance. More studies are needed to account for language differences in the spelling profiles of children with DLD.
Limitations
Although the present study draws from the largest sample of studies available to-date on the spelling of children with DLD, it is limited by a number of methodological difficulties. First, qualitative differences in the spelling of children with DLD and TD peers could not be assessed using a meta-analysis. Narrative reviews may be appropriate to assess the potential qualitative differences that may affect the spelling of children with DLD (Bishop & Clarkson, 2003; Broc et al., 2014; Critten et al., 2014; Nauclér, 2004; Soriano-Ferrer & Contreras-González, 2012; Windsor et al., 2000) . Secondly, the definition of spelling, phonological skills, language disorder and reading were limited to those presented in the studies included, and did not account for the multiple facets of these skills. Similarly, the profiles of the children with DLD were underspecified. Different profiles of children with DLD may lead to different spelling outcomes.
Conclusion
A meta-analysis of the literature available on the spelling performance of children with DLD as compared to age-and language-matched peers was conducted. Results identified a large and significant difference in spelling scores between children with DLD and age-matched, but not language-matched peers. We confirmed the impact of phonological and reading skills on the spelling profiles of children with DLD, although difficulties in non-phonological skills may have a differential impact on spelling. Spelling provides a platform for assessing non-phonological language-literacy links that may be hindered in atypical development, beyond the initial stages of literacy development. The recommendations we raised from this meta-analysis should inform the future research agenda.
